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ABSTRACT 
The ongoing climate warming in the Arctic has caused rapid and widespread 
environmental changes, including permafrost soil thaw and shrub expansion. However, 
carbon (C) sequestration potential and the future trajectory of these ecosystems are still 
poorly understood. Here I present results from multiple peat cores collected along a 
hillslope covered by Eriophorum-dominated tussock tundra with widespread Sphagnum 
patches in upper Imnavait Creek (UIC) on the North Slope of Alaska (68°36’N, 
149°18’W) to investigate responses of organic soil development, vegetation composition, 
and C accumulation to climate change during the last millennium. All cores show a 
consistent organic soil development sequence from mineral soil to sedge peat to 
Sphagnum peat. Sedge peat initiated during the cold Little Ice Age, suggesting the 
importance of low decomposition and preservation of organic matter in initial peat 
buildup. The onset of Sphagnum peat occurred on average at ca. 1930 AD, likely caused 
by progressive soil drying as a result of regional climate warming and active layer 
deepening as well as earlier snowmelt. Fossil pollen analysis shows that the vegetation 
was dominated by sedges from 650 years ago to 1875 AD, followed by increases in dwarf 
birches first and then willows since the early 2000s. This suggests that the recent 
observed shrub expansion was preceded by birch expansion more than a century ago. The 
results from the UIC tundra site show that Sphagnum patches on this tussock tundra have 
been a sustained C sink, accumulating C rapidly especially in the last two decades (up to 
170 gC/m2/yr), likely in response to the recent accelerated Arctic warming. In contrast, 
eddy flux measurements from similar tundra sites indicate that these ecosystems as a 
whole are a net source of C to the atmosphere, due to elevated C release during the snow-
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covered season. If Sphagnum patches expand on the tundra landscape in the future, the 
region could become a net C sink of atmospheric CO2, impacting the regional and even 
global C balance. 
 
1 Introduction 
The ongoing trend of increasing temperatures has been observed around the 
world, especially in high latitude regions (IPCC, 2013). Particularly, there have been 
noticeable increases in Arctic temperatures since the 1950s (Kaufman et al., 2009; 
McKay & Kaufman, 2014). In the Arctic, changes in temperature and climate 
variability are amplified due to the ice/snow-albedo positive feedbacks (Christensen 
et al., 2007). This warming has led to rapid changes in Arctic sea ice cover, which 
reached a record minimum in 2007 since the satellite-based observations were 
available in the late 1970s (Comiso et al., 2008). This decrease in sea ice extent leads 
to amplified responses to global warming, resulting in drastic changes in terrestrial 
ecosystems (Hope et al., 2013). Arctic greening (Jia & Epstein, 2003) and shrub 
expansion  (Tape et al., 2006) have been widely documented, especially in places like 
northern Alaska. Other terrestrial changes, including the northward advance of tree 
line (Rupp et al., 2001; Lloyd et al., 2003) and shifts in the ranges of various biotas 
(Hope et al., 2013), have given cause for concern, as these changes may represent a 
dramatic transformation of the Arctic landscape. 
As a result of climate warming, an advance in timing for spring snowmelt has also 
been observed since the mid-1960s (Stone et al., 2001; Semmens & Ramage, 2013). 
Snowmelt has advanced by 3.6 days per decade in the northern foothills of the Brooks 
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Range and 9.1 days per decade for the entire North Slope (Chapin et al., 2005). This 
change in the snow-free season has been proposed as a mechanism for summer 
warming in Alaska (Chapin et al., 2005). Ultimately, advancing spring snowmelt 
provides a net increase in the amount of energy absorbed due to reduced albedo. 
Additionally, alterations to the length of the snow free season has created a feedback 
loop, which promotes further summer warming (Chapin et al., 2005). Consequences 
of this change include a lengthening of growing season (Myneni et al., 1997), 
increased amplitude of annual CO2 cycle (Keeling et al., 1996), and permafrost 
thawing (Osterkamp & Romanovsky, 1999). For example, a study in subarctic, south 
central Alaska documented the colonization and enhanced growth of Sphagnum 
mosses, due to the advance in spring snowmelt and the resultant dry conditions in 
summers (Loisel & Yu, 2013). Across Alaska, a decline in snow cover has ultimately 
promoted prolonged growing seasons. An increase in the length of growing season of 
9 additional days per decade has been observed since 1982 (Alaska Climate Center, 
2013).  
Of particular interest is the documented increased permafrost thaw depth (e.g. 
Osterkamp & Romanovsky, 1999; Romanovsky et al., 2011). The tundra of Arctic 
Alaska is underlain by permafrost. Approximately 277 GtC are stored in permafrost 
ecosystems (Schuur et al., 2009), and the disturbance of this carbon store from 
permafrost thaw could result in large losses of carbon to the atmosphere. 
Furthermore, permafrost thaw may trigger positive feedback effects, further warming 
the climate and releasing soil carbon (Schuur et al., 2008). During the last several 
decades, increased permafrost temperatures, and therefore thaw depths, have been 
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observed in Alaska (Romanovsky et al., 2007, 2011; Smith et al., 2010). Increased 
thaw depth has been linked to changes in the hydrology and moisture conditions of 
Alaskan tundra, affecting vegetation patterns (Walker et al., 2003).  
Vegetation in the Arctic has also responded to these rapid climatic changes. 
Arctic greening has occurred over the past few decades, increasing the productivity of 
these tundra-dominated ecosystems (Beck et al., 2011). Specifically, a notable 
increase in greenness occurred between 1982 and 2012 (Alaska Climate Center, 
2013). Changes in the abundance and productivity of Arctic vegetation have largely 
been derived from satellite observations. The dominant driver of this change has been 
identified as an increase in summer warmth, which is driven by an increase in 
summer sea-ice retreat (Bhatt et al., 2013).  
Arctic greening has also been partly attributed to the increase in the abundances 
of birches (Betula nana), alders (Alnus), and willows (Salix) shrubs on these 
landscapes (Boelman et al., 2011). Since the 1950s, increases in these shrub 
abundances have been observed and documented in satellite imagery. Specifically, an 
increase of tall shrub cover in northern Alaska of 1.2% per decade has been observed 
over the last 70 years (Tape et al., 2006). The height, abundance, and distribution 
range of these deciduous shrubs have increased overall, and therefore vegetation 
productivity has increased. The presence of these shrubs and their ability to alter their 
landscapes creates feedback systems. One feedback that has been well documented is 
the shrub-snow feedback. With increased shrub abundances, snow becomes trapped 
under the shrubs in the winter, leading to increased winter temperatures of soils due 
to the insulating properties of snow. This promotes greater microbial activity, creating 
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more available nitrogen to plants for use, and favored shrub growth in the following 
summer (Sturm et al., 2005). However, the soil warming in the winters also increases 
ecosystem respiration. 
The extent of these alterations to high latitude ecosystems with continued 
warming is still unknown. Many studies have been conducted in the foothills of the 
North Slope as part of an Arctic Long-Term Ecological Research (LTER) project 
(Hobbie & Kling, 2014), but most of these studies have focused on a contemporary 
timescale. The paleo studies that do exist for this area, for example from fossil pollen 
analysis, are often low-resolution and lack of adequate dating (e.g. Eisner, 1991; 
Mann et al., 2002). The role of deep organic layers (peat)−commonly occurring in 
these Arctic tundra ecosystems−is poorly understood. Also, modern C flux studies, 
including eddy flux observations and warming experiments (Euskirchen et al., 2013; 
Sistla et al., 2013), have been conducted in this region, but paleo studies of past C 
accumulation rates in peat and modern measurements of C uptake by Sphagnum do 
not exist. Further alteration of these Arctic ecosystems has the potential to create a 
large, positive feedback to the regional and possibly global carbon cycle, and 
therefore merits further investigation. 
In this study I wish to address some of these questions. Specifically, I wish to 
explore if there is evidence for shrub expansion before recent decades and, if so, what 
those shrubs might have been. Also, I wish to explore the process of peat 
development on the tundra landscape and the role of peat in the carbon balance of the 
region. The objectives of this study were (1) to derive a multiple proxy record of 
ecosystem change from several peat cores on a tundra hillslope in the North Slope of 
	   6	  
Arctic Alaska, (2) to document histories of peat initiation and Sphagnum development 
on the tundra, (3) to place the observed shrub expansion of recent decades in the 
context of the last few centuries, and (4) to understand the relative roles of Sphagnum 
expansion and other ecosystem changes in the net carbon balance of the tundra. In 
documenting these changes, I will be able to provide a high-resolution paleo record of 
ecological changes, support to recent observed changes caused by climate warming, 
and insight into possible future changes in the carbon balance of this region.  
 
2 Study Region and Sites 
2.1 Study Region 
 The North Slope of Alaska is located north of the Brooks Mountain Range and 
south of the Beaufort Sea and Chukchi Sea in the Arctic Ocean. This high-latitude 
Arctic region is approximately 207,000 km2 in area (Figure 1A; Hobbie & Kling, 
2014). It consists of three main physiographic divisions: the costal plains, foothills, 
and mountains. The study sites are located in the Foothills region.  
The major bedrock types present in this region are the Hunt Fork Shale, the 
Kanayut Conglomerate, the Lisburne Limestone, and the Fortress Mountain 
Formation (Huryn & Hobbie, 2012). The North Slope has experienced 5-7 major 
glaciations during the last three million years. Two of the first major glaciations were 
the Anaktuvuk and Sagavanirktok glaciations, which occurred during the early and 
middle Pleistocene, respectively. In the late Pleistocene, the Itkillik glaciations 
(phases I and II) occurred, with the most recent (last glaciation) being Itkillik II. At 
present, glaciers in this area are restricted to mountain cirques (Hamilton, 2003; 
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Huryn & Hobbie, 2012). These glaciations created variable surficial geology in the 
region, and most areas are classified as colluvial or organic deposits (Hobbie & 
Kling, 2014).  
In the North Slope, the sun remains below the horizon from November 19th to 
January 22nd and above the horizon from May 11th to August 1st (Wendler et al., 
2014). This creates a short summer, with only three months of the year with mean 
temperatures above freezing. The average annual temperature on the North Slope is 
approximately -12°C, with the warmest temperatures occurring in July and the 
coldest in February. In the Foothills region, the mean temperature in July is 
approximately 12°C, while the mean temperature in February is -30°C (Huryn & 
Hobbie, 2012). Precipitation in this region is largely determined by seasonal patterns 
of sea ice change in the Arctic Ocean further north. When sea ice is reduced, there are 
relatively large amounts of precipitation. Annual precipitation on average is 
approximately 250 mm, which therefore defines the North Slope as (close to being) a 
desert (Huryn & Hobbie, 2012). The North Slope is covered with snow for 
approximately 9 months of the year, which provides insulation that maintains 
relatively high soil temperatures, high humidity in the snowpack, and winter habitats. 
Also, melt water from this snow pack in the spring provides a variable, yet important, 
water supply to tundra vegetation (Huryn & Hobbie, 2012).  
In the last six decades, the instrumental climate record of the region documents an 
observed change in mean annual temperature and an increase of 1.7°C (3°F) on 
average across Alaska (Alaska Climate Center, 2013). Climate data compiled from 
four grid cells, with each cell representing a 5° x 5° grid, across the North Slope since 
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the early 1900s (CRUTEM4; Osborn & Jones, 2014) shows a general warming trend 
in recent decades (Figure 2A).  
These climate conditions are ideal for the presence of permafrost (Sirin & 
Zamolodchikov, 2013), which is 90-600 m thick beneath the North Slope (Huryn & 
Hobbie, 2012). The permafrost only partially thaws during the summer, during which 
plant growth and production is limited to the active layer zone (Hobbie & Kling, 
2014). This active layer is often water saturated during the summers and is on average 
40 cm deep (Wendler et al., 2014).  
The majority of this region is covered by tundra vegetation, including graminoid, 
tussock tundra, dry tundra, and shrub tundra (Hobbie & Kling, 2014). Tundra covers 
7% of the world’s terrestrial ecosystem area and store 15% of terrestrial carbon in soil 
and plants (Sirin & Zamolodchikov, 2013), making them important ecosystems in the 
terrestrial biosphere carbon balance. The permafrost soils that underlay the tundra 
store significant carbon, on average 4.2 kgC/m2 globally (Sirin & Zamolodchikov, 
2013). Moist tussock tundra on the North Slope has brown soils that are high in 
organic matter content and loamy texture, which allow for deep oxygen penetration 
(Huryn & Hobbie, 2012). The short growing seasons and shallow, frozen soils inhibit 
the growth of large vascular plants and only allow for vegetation such as low-growing 
woody-herbaceous perennials, grasses, sedges, mosses, and lichens (Hicks, 2003). 
Specifically, common shrub species found on the North Slope include Salix alaxensis, 
Salix pulchra, Alnus fruticosa, Betula glandulosa, and Betula nana (Huryn & Hobbie, 
2012).  
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2.2 Study Sites  
 This study investigates two sites within the Foothills region on the North Slope: 
the Upper Imnavait Creek (UIC) tundra site (68°36’ N, 149°18’ W) and the Kuparuk 
River Peatland (KRP) site (68°57’ N, 149°40’ W) (Figure 1B). UIC is a tussock 
tundra site located in the Imnavait Creek watershed, approximately 12 km from 
Toolik Lake. Toolik Lake is the main study site of Arctic Long-Term Ecological 
Research (LTER) and the location for Toolik Field Station operated by the Institute of 
Arctic Biology, University of Alaska–Fairbanks (Figure 1C). KRP is a peatland site 
located approximately 40 km north of UIC and Toolik Lake (Figure 1B & 1E). UIC is 
the main focus of this study, while KRP is used as a secondary site to provide a broad 
foothills-wide view of some of the observed ecosystem changes.  
The UIC site is tussock tundra located next to the Imnavait Creek, a tributary of 
Kuparuk River (Figure 1D). Environmental research first began in this region in 1882 
as part of the First International Polar Year. Over time, this region has been 
intensively studied as part of a large, comprehensive investigation into the 
functioning and changes of Arctic ecosystems in Alaska (Hobbie & Kling, 2014).  
The majority of the Kuparuk Watershed in this region, including the Imnavait 
Creek area, is mantled by Sagavanirktok-aged glacial deposits of ~125,000 years old 
(Hamilton, 1986). The hills are now covered with smoothly eroded glacial deposits 
from this mid-Pleistocene-age glaciation, fine colluvium, and tussock-tundra 
vegetation (Walker & Walker, 1996; Figure 1F).  
At the LTER study site in the Kuparuk River Basin, the coolest temperatures 
occurred in January (-23.6°C) while the warmest occurred in July (9.9°C) based on 
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the averages from 1988 to 2010 (Figure 2B). Precipitation also followed this trend, 
with the lowest amounts of precipitation occurring in January (8.6 mm) and the 
highest amounts in July (84.5 mm). Rainfall occurs during the growing season from 
May to September, while snowfall dominates the winter season from October to 
April.  
The Toolik Lake and Imnavait Creek region has 300 species of plants, 120 of 
which occur in the Imnavait Creek watershed. The average active layer depth here is 
36 ± 3 cm and mineral portions of soil are high in clays and are often gray in color 
(Walker & Walker, 1996). The permafrost layer beneath the foothills at Toolik Lake 
is on average 200 m thick (Huryn & Hobbie, 2012). UIC is covered in acidic tussock 
tundra with visible peat patches and receives most moisture from precipitation 
(Hamilton, 2003). The landscape is dominated by Eriophorum vaginatum, and low 
and dwarf shrubs are also a major component. On acidic uplands, the most common 
plant community is dominated by Eriophorum vaginatum with Sphagnum rubellum as 
the second most common species. This vegetation type covers 58% of the Imnavait 
area. Important vascular species associated with this community include Eriophorum 
vaginatum, Betula nana, Salix planifolia, Carex bigelowii, Rubus charmaemorus, and 
Ledum palustre. Important mosses include Sphagnum angustifolium, S. balticum, S. 
lenense, S. rubellum, S. teres, and Polytrichum strictum (Walker & Walker, 1996).  
In the summer of 2013, species observed in the field at different elevations at the 
UIC study sites include Eriophorum vaginatum, Betula nana, Salix arctica, Salix 
glauca, Sphagnum rubellum, and Sphagnum lindbergii. The Sphagnum patches were 
of particular interest, as they likely represent important vegetation changes on this 
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landscape. From previous studies describing the vegetation community percentages of 
this area (Walker et al., 1994; Walker & Walker, 1996), I was able to estimate that 
Sphagnum moss covers approximately 12.8% of the Intensive Research Study tussock 
tundra site near the Imnavait Creek. All organic soil cores from the UIC tussock 
tundra presented in this study are from Sphagnum dominated patches.  
 
3 Methods 
3.1 Field Collection and Methods 
 Six peat cores were collected at varying elevations along a transect at UIC from 
the floodplain to the top of the ridge (906-950 m a.s.l.) on a hillslope with two distinct 
divisions between the upper and lower slopes (Figures 3 & 4A). At each coring 
location, a monolith was collected using a large bread knife, with an average length of 
28 cm (Table 1). For the lower frozen and mineral sections at cores UIC13-1 and 
UIC13-2, additional samples were collected at approximately 1-cm intervals using a 
hand-operated Hoff probe.  
Five peat cores were taken at KRP (Figure 4B). A monolith was collected at each 
site and additional samples were collected from cores KRP13-2 and KRP13-4 using a 
combination of a gasoline-powered permafrost corer and a hand-operated Hoff probe. 
In core KRP13-2, a 2-cm gap occurred between the monolith section and permafrost 
core due to sampling complications.  
All monolith cores and the permafrost core were wrapped in plastic film and 
aluminum foil then stored in PVC pipes in the field. Samples extracted using the 
hand-operated Hoff probe were stored in watertight Whirl-Pak bags. All samples 
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were then transported to the core laboratory at Lehigh University and stored in the 
cold room at 4°C. Core UIC13-3 represents the master core for the UIC tussock 
tundra and core KRP13-2 is the master core for the KRP peatland for detailed 
chronology and proxy analyses.  
 
3.2 Subsampling and Loss-on-Ignition Analysis 
All six UIC cores and three cores from KRP (KRP13-1, -2, and -4) were sectioned 
in the laboratory into 1-cm slices using an electric knife. Slices were subsampled for 
loss-on-ignition (LOI), macrofossil, and pollen analysis. The cores were examined 
and cleaned of any possible contaminant before subsampling. 
Subsamples of peat (1 cm3) from both UIC and KRP site cores were used for LOI 
analysis to determine bulk densities and organic matter (OM) content. Samples were 
dried overnight at 80°C, weighed, combusted at 550°C for two hours, and weighed 
again to determine the mass loss as estimates of OM content.  
 
3.3  Macrofossil Analysis 
Subsamples (1 cm3) for plant macrofossil analysis were taken at 1-cm intervals 
for cores UIC13-1, UIC13-2, UIC13-3, and KRP13-2. Samples were then gently 
washed with deionized (DI) water through a 125-µm sieve to concentrate 
macrofossils. Samples were examined, identified under a dissecting microscope, and 
relative abundance of each macrofossil type and amount of unidentified organic 
matter (UOM) were estimated.  
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Results from macrofossil analysis of cores UIC13-1, UIC13-2, UIC13-3, and 
KRP13-2 were plotted in the program Tilia, and a stratigraphically constrained cluster 
analysis (CONISS) was used to help with zonation. Macrofossil diagrams were used 
to evaluate change in plant dominance throughout the cores as well as to aid the 
determination of the transitions between sedge peat and Sphagnum peat.   
 
3.4  Accelerator Mass Spectrometry (AMS) Radiocarbon Dating Analysis  
Peat inception and Sphagnum onset ages were determined for all cores using 
AMS radiocarbon (14C) dating analysis. For basal peat ages, dating material was 
composed of non-aquatic taxa, or, if the sample lacked identifiable macrofossils, root-
free bulk peat samples were used. For Sphagnum onset ages, dating material was 
composed of the first Sphagnum leaves and stems in each core. Additional dating 
samples were taken from cores to establish chronology and facilitate discussion of 
multi-proxy data (Table 2).  
Dating samples were handpicked, cleaned with DI water, and dried before being 
sent to the Keck AMS Carbon Cycle Lab at the University of California, Irvine to be 
measured for 14C abundance. Results were calibrated using the programs CALIB 7.1 
and CALIBomb based on the IntCal13 radiocarbon age calibration data set (Reimer et 
al., 2013) for pre- and post-bomb 14C dates, respectively. 
Age-depth models were established for cores UIC13-3 and KRP13-2 from 
calibrated 14C ages using modeling software, CLAM 2.2. The age-depth models were 
used to document changes in accumulation rates over time as well as to estimate ages 
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of other undated samples. The ages are shown as either year AD or as calendar year 
before present (cal yr BP), where present is 1950 AD. 
 
3.5 Fossil Pollen Analysis 
Samples (1 cm3) for pollen analysis were taken at 1-cm intervals from cores 
UIC13-3 and KRP13-2 and treatment for analysis was conducted at Lehigh 
University. A known number of Lycopodium spores were added to each sample for 
calculation of pollen concentration. Pollen sample pretreatment followed a modified 
standard acetolysis procedure (Fægri & Iversen, 1989). Subsequent to KOH 
treatment, samples were rinsed with DI water through sieves to remove fine and 
coarse materials. Pollen concentrate was stained with safranin and mounted in 
silicone oil on microscopic slides. Pollen grains from the samples were identified and 
counted to a sum of at least 100 grains under a microscope at x400 magnification. 
Pollen analysis results were described under the following four main categories: 
trees pollen, shrubs pollen, herbs pollen, and Sphagnum spores. Abundances of each 
pollen type were calculated as percentages of the total pollen sum of the three main 
pollen groups. Sphagnum percentages were calculated on the base of the total pollen 
and Sphagnum spore counts. Pollen results of cores UIC13-3 and KRP13-2 were 
plotted using Tilia, and stratigraphically constrained cluster analysis (CONISS) was 
used to help define pollen zonation.  
 
3.6 Carbon and Nitrogen Analysis 
	   15	  
Bulk peat subsamples at every 1 cm from cores UIC13-1 and UIC13-3 were 
measured for carbon (C) and nitrogen (N) isotope ratios and C and N elemental 
concentrations. Eight duplicate samples from UIC13-1 and five duplicate samples 
from UIC13-3 were analyzed to check the reproducibility and ensure the validity of 
the reported values. Samples were first freeze-dried and then homogenized using a 
Retsch Oscillating Mill MM 200 ball mill with 25 mL stainless steel grinding jars and 
12 mm diameter stainless steel grinding balls. Approximately 4 mg of dried, ground 
sample were weighed and stored in 4x6-mm tin capsules. Samples were sent to the 
Stable Isotope Facility at the University of California, Davis for measurements of 
stable isotope ratios and elemental concentrations using an elemental analyzer 
interfaced to a continuous flow isotope ratio mass spectrometer (EA-IRMS). Sample 
isotope ratios were measured relative to laboratory reference gases, and final values 
for carbon and nitrogen isotopes were expressed relative to international standards V-
PDB and Air, respectively. Isotope results were presented as values in delta notation. 
C:N ratios were determined from the mass ratios of total organic C to total N 
concentrations.  
  
3.7 Carbon Accumulation Rate Calculations  
For cores UIC13-1 and UIC13-3, peat soil C storage and C accumulation rates 
were calculated using direct measurements of C concentration (%), obtained from 
previous carbon and nitrogen analyses. For all other cores without direct 
measurements of C concentrations I used the average C content of 46% in OM as 
calculated from the relationship between C and OM contents in cores UIC13-1 and 
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UIC13-3. C accumulation rates (gC/m2/yr) were calculated for every sample or 
between dated intervals using the bulk density (BD) values, C concentration (%), 
thickness of the samples, and age of the samples. Time-weighted C accumulation 
rates were also determined for all cores. Soil C storage values (kgC/m2) were 
calculated for all cores using these measured or calculated C content and OM BD 
values. Results of C accumulation rates for both between dated intervals and 
individual samples were determined for cores UIC13-3 and KRP13-2. Also, the time-
weighted C accumulation rates were determined for the sedge peat and Sphagnum 
peat intervals of all cores (Table 3).  
 
4 Results 
4.1 Loss-on-Ignition Results 
LOI analysis estimates the water content, organic matter (OM) content, dry bulk 
density (BD), and ash-free (or organic matter) bulk density (AF or OM BD) in all 
cores (Figures 5 & 6). The OM content in all cores is lower in the bottom portion of 
the cores, consistent with the presence of mineral soils. The subsequent increase in 
OM is associated with the inception of sedge peat at some coring sites. In the upper 
portion of the cores, the increase to nearly 100% OM is indicative of the transition to 
a Sphagnum peat. These changes are also apparent in the bulk densities of the cores. 
AF BD is highest in the lower portions, representative of highly decomposed and 
dense peat, and decreases to the lowest abundances with the onset of the Sphagnum 
peat.  
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4.2 AMS 14C Dates and Core Chronology 
The 14C dates and calibrated ages of samples from all cores are presented in Table 
2.  At UIC, initiation ages of sedge peat vary among coring sites, with the earliest 
initiation occurring at 700 cal yr BP and the most recent at 135 cal yr BP. The 
average age of sedge peat initiation is 440 cal yr BP ± 207 (S.D) (Table 3; Figure 7). 
Onset of Sphagnum peat in most cores occurs during the last 60 years (Figure 7), with 
the exception of two cores. Specifically, two cores on the upper slope at the site 
initiate earlier, before 1900 AD, while all cores on the lower slope initiate after 1950 
AD ± 8 (S.D.) (Table 3; Figures 8 & 9). These ages represent the peat initiation and 
Sphagnum onset on tundra. 
Basal ages of KRP cores vary from 1300 cal yr BP to 620 cal yr BP. While 
KRP13-2 has an initial basal age of 3545 cal yr BP, this study focuses on the re-
initiation of peat at the site, which occurs at 1300 cal yr BP. The average basal age of 
the site is 1071 cal yr BP ± 306 (S.D.) (Table 3; Figure 7). In cores KRP13-1, 
KRP13-3, and KRP13-5 Sphagnum peat onset occurs within the last two centuries, 
with an average age of 1878 AD ± 90 (S.D.). In core KRP13-2, Sphagnum peat 
appearance occurs twice, first at 3350 cal yr BP and again at 703 AD (Table 3; Figure 
7). 
Age-depth models constructed for master cores UIC13-3 (Figure 10) and KRP13-
2 (Figure 11) show highly variable peat accumulation rates over time. For core 
UIC13-3, accumulation rates are slow for the first 500 years and increase rapidly in 
the last two centuries. Core KRP13-2 documents fast, sustained accumulation for the 
first 1,000 years, followed by a period of extremely low accumulation, likely a 
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sedimentation hiatus at 2500-1300 cal yr BP. Accumulation rates increase again over 
the last few hundreds of years. These ages show the peatland development histories. 
 
4.3 Plant Macrofossil Results 
Below I describe major macrofossil zones as identified using CONISS analysis. 
All cores from UIC show two to three zones or subzones that delineate the major 
shifts from mineral soils with high mineral grains, through sedge peat having high 
sedge abundance and unrecognizable organic matter, to Sphagnum peat showing the 
appearance of Sphagnum.  
Core UIC13-1 has three clearly identified zones (Figure 12A). Zone 1 (~1153-
1521 AD) is largely composed of mineral material and unidentified organic matter 
(UOM) with a small component of sedge (5-15%).  Zone 2 is comprised of two 
subzones. Zone 2a (1521-1703 AD) is characterized by a gradual increase in sedge 
and almost a complete absence of mineral material. These changes are consistent with 
an increase in the OM and a peak in the AF BD. Zone 2b (1703-1958 AD) is 
dominated by sedge. Zone 2 is characterized in general by a lack of mineral material 
and a decrease in UOM. Also, sedge content peaks in this zone along root material, 
and shrub leaves begin to appear (~10%). Zone 3 (1958-2013 AD) shows a sharp 
transition, with the disappearance of sedge and the appearance of Sphagnum and 
brown mosses. This zone is dominated by brown mosses and Sphagnum. UOM, root 
material, and leaves are in lower abundances here than in previous zones.  
Core UIC13-2 is divided into three macrofossil zones (Figure 12B). Zone 1 
(before 1480 AD) is dominated by UOM and high mineral content (~20%). Only a 
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very low percentage (~3%) of sedge is present. Zone 2 (1480-1968 AD) is 
characterized by a dominance of sedge and high UOM content. Woody and root 
materials are minor components and occur in nearly equal abundances. Zone 3 (1968-
2013 AD) is dominated by Sphagnum. Sedge disappears in this zone, and UOM is 
low. Brown mosses and root material are present in similar abundances and shrub 
leaves are present in small amounts (~8%).  
Core UIC13-3 is divided into two major macrofossil zones (Figure 12C). Zone 1 
is comprised of two subzones. Zone 1a (1284-1523 AD) is dominated by UOM and 
has a small abundance of sedge (~15%). Mineral material is present in this zone 
(20%). Zone 1b (1523-1852 AD) shows increase in sedge abundance, with some root 
materials. Mineral material has disappeared in this zone. Zone 2a (1852-2008 AD) is 
dominated by Sphagnum. This subzone is characterized by the appearance of 
Sphagnum and the almost disappearance of sedge. Brown mosses and root material 
are in nearly equal abundances and shrub leaves and woody material are small 
components. Zone 1b (2008-2013 AD) is characterized by the disappearance of 
brown mosses, root material, and UOM, and Sphagnum increases to nearly 100%.  
Peatland core KRP13-2 is divided into two major macrofossil zones with 
subzones (Figure 12D). Zone 1, dominated by sedge, is comprised of three subzones. 
Zone 1a (~3545-3018 cal yr BP) is dominated by sedge, with some woody material, 
shrub leaves, and brown mosses. Sphagnum also briefly appears in this subzone. Zone 
1b (3018 cal yr BP-703 AD) is dominated by sedge and characterized by the 
disappearance of Sphagnum, shrub leaves, and woody material. UOM peaks at the top 
of this zone, and there is likely a disconformity (hiatus) here. In zone 1c (703-1876 
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AD), sedge continues to be dominant. This zone is characterized by a decrease in 
UOM, the disappearance of brown mosses, and the reappearance of Sphagnum. Zone 
2 (1876-2013 AD) is dominated by Sphagnum. This zone is characterized by the 
disappearance of sedge and the appearance of an unidentified moss, shrub leaves, and 
root material.  
 
4.4 Fossil Pollen Results  
Tundra core UIC13-3 has three major pollen zones (Figure 13A). Zone 1 (1284-
1852 AD) is dominated by Cyperaceae (up to 80%), with some Betula (up to 40%), 
indicating the existence of shrubs on the landscape at this time.  Zone 2 consists of 
two subzones. In Zone 2a (1852-2001 AD), the dominant taxa are Betula and 
Cyperaceae, suggesting increased dominance of shrubs on the landscape. This zone is 
characterized by consistent appearance of Salix and an increase in both Alnus and 
Ericaceae. Zone 2a records the peak of Sphagnum spores near 1998 AD. Zone 2b 
(2001-2011 AD) is dominated by Betula, Picea, and Cyperaceae. This zone is 
characterized by an increase in Picea and Poaceae. In Zone 3 (2011-2013 AD) with 
only one sample, the dominant pollen type is Salix. The zone is characterized by the 
appearance of Caryophyllaceae and Saxifraga as well as large increase in Salix. 
Peatland core KRP13-2 has two major pollen zones (Figure 13B). Zone 1 consists 
of two subzones. In Zone 1a (3545-2964 cal yr BP), dominant taxa were Cyperaceae 
and Betula. Salix and Alnus were also present at this time, suggesting the presence of 
shrubs on the landscape, even beyond the peatland, at this time. This zone is also 
characterized by the presence of Ericaceae and Poaceae. In Zone 1b (2964 cal yr BP-
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1352 AD), the dominant pollen type is Cyperaceae, with a slight increase in Betula 
and the almost complete disappearance of Ericaceae and other pollen types. Zone 2 is 
comprised of two subzones. Zone 2a (1352-1971 AD) consists of the dominant taxa 
Ericaceae and Betula. This zone is characterized by the large decrease in Cyperaceae 
and the presence of Caryophyllaceae and Saxifraga. In Zone 2b (1971-2013 AD), the 
dominant taxa are Betula and Ericaceae, with an increase in Picea.  
 
4.5 Carbon and Nitrogen Concentration and Isotopic Results 
C and OM contents from cores UIC13-1 and UIC13-3 are used together to 
determine the proportion of C in OM of the peat portions of the cores. C% and OM% 
values show a linear relationship, and on average these UIC core samples contain 
46% C in OM. This value of 46% C is used in estimating C content from OM content 
for all other cores in this study. 
For cores UIC13-1 and UIC13-3, the C:N ratios, δ13C values, and δ15N values 
were determined (Figure 5; Appendix 1). In both cores, C:N ratios increase towards 
the upper portions of the cores, largely correlating to increase in Sphagnum 
abundances. δ13C values were higher in the bottom portions of the cores, with the 
greatest shifts towards lower values when Sphagnum is present. δ15N in the cores 
follows a similar pattern as δ13C, with the oldest samples being higher and decreasing 
over time.   
The δ13C and δ15N values from core UIC13-3 were compared with values derived 
from the LTER data set (Hobbie et al., 2009; Figure 14). δ13C and δ15N values in the 
lower portion of the core are higher overall and are most consistent with the 
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Eriophorum spp. and Carex spp. In the upper portion, δ13C and δ15N values are most 
consistent with Sphagnum spp., Ericaceae, and shrub species (i.e. Betula spp. and 
Salix spp.). Therefore, changes in isotope values from the cores mostly represent 
changes in the botanical composition of the peat.  
 
4.6 Apparent Peat Carbon Accumulation Rates 
Soil carbon storage for the organic (peat) layer, apparent peat C accumulation 
rates, and time-weighted C accumulation rates were calculated for UIC and KRP 
(Table 3). At UIC, C accumulation rates for core UIC13-3 were calculated for both 
between dated intervals and individual samples of the core (Figures 15A & 15B). The 
time-weighted C accumulation rate for the entire peat core is 12.7 gC/m2/yr. The 
onset of Sphagnum in this core correlates with a 10-fold increase in the apparent C 
accumulation rates to 48.4 gC/m2/yr from the previous rates in the sedge peat portion 
of the core (4.8 gC/m2/yr). In the last two decades, C accumulation rates show an 
even more rapid increase to as high as ~170 gC/m2/yr (Figure 15A). The C 
accumulation rates at every1-cm show an even greater range, reaching as high as 
>200 gC/m2/yr.  
For core KRP13-2, I focus the C accumulation rates over the past 1,000 years 
(Figure 15C). The KRP site is a peatland, instead of tundra, and therefore rates of C 
accumulation are somewhat different from those at UIC. C accumulation rates for 
core KRP13-2 were calculated for both between dated intervals and individual 
samples of the core (Figures 15C & 15D). Results from the dated intervals show that 
the time-weighted C accumulation rate is 11.1 gC/m2/yr. Over the past 1,000 years, 
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apparent C accumulation rates at the site have shown a ten-fold increase. In the last 
two decades, C accumulation has increased to >120 gC/m2/yr (Figure 15C). 
The time-weighted C accumulation rates were calculated for the dated sedge and 
Sphagnum intervals for other cores and then averaged for the two study sites 
separately (Table 3). At UIC, the average time-weighted C accumulation rate for the 
sedge peat is 20.4 ± 16.4 (S.D.) gC/m2/yr and the average time-weighted C 
accumulation rate for the Sphagnum peat is 79.7 ± 33.3 (S.D.) gC/m2/yr. The overall 
peat C accumulation rate at this site is 24.7 ± 12 (S.D.) gC/m2/yr. 
 For KRP, only cores KRP13-1 and KRP 13-2 could be used to determine C 
accumulation rates. The average time-weighted C accumulation rate for the sedge 
peat at KRP is 12.7 ± 7 (S.D.) gC/m2/yr and the average time-weighted C 
accumulation rate for the Sphagnum peat is 125.5 ± 161.7 (S.D.) gC/m2/yr. The 
overall peat C accumulation rate at this site is 19.8 ± 13 (S.D.) gC/m2/yr.  
 
5 Discussion 
5.1 Peat Initiation And Organic Soil Development on Tussock Tundra 
All cores at UIC show a consistent organic soil developmental sequence from an 
inorganic, mineral-rich deposit, through a highly humified, minerotrophic sedge peat, 
to an ombrotrophic Sphagnum peat. Sedge peat began accumulating on the mineral 
hillslope as early as 700 cal yr BP until the early 1900s, with an average initiation age 
of 440 cal yr BP (Figure 9). While sedge peat is present for the majority of time of 
peat accumulation, it often comprises less than half of the core lengths. The 
Sphagnum peat occurs on top of sedge peat, started as early as 1822 AD, and has 
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nearly 100% OM. These peat patches initiate on the tundra as isolated, individual 
patches. A previous study documented the development of peat earlier in this region, 
but it was at a low elevation site on the floodplain of the Imnavait Creek watershed 
(Eisner, 1991).  
At the peatland site (KRP), peat initiation in core KRP13-2 occurs much earlier 
(3545 cal yr BP). This core also experiences a hiatus of peat development, starting at 
around 2500 cal yr BP. The peat accumulation re-initiated at 1300 cal yr BP (Figure 
11). In the other KRP cores, peat initiation likely occurred as lateral expansion of the 
existing peatland at KRP13-2, eventually forming a continued large peatland 
complex. This began as early as 1195 cal yr BP and as late as 620 cal yr BP (Table 3). 
On average, this site had sedge peat initiation occur around 1071 cal yr BP. The study 
at UIC, however, is the development of peat patches on a mineral tundra soil on a 
hillslope, rather than from a floodplain or other flat terrain, and therefore documents a 
different process of peat initiation.  
On the UIC tussock tundra, the development of sedge peat is of particular interest 
as it occurred during the Little Ice Age (LIA) at 700-150 years ago. Alaska 
experienced a cool period, known as the LIA, subsequent to the Medieval Climate 
Anomaly warm phase. The LIA cooling is characterized by extensive glacial 
advances in the Brooks Range of Alaska as well as in the southern coasts (Calkin, 
1988; Jacoby & D’Arrigo, 1995; Wiles et al., 1999; Calkin et al., 2001). The LIA in 
Arctic Alaska reached a peak cooling around 1700 AD, and the climate was 
approximately 1.7°C cooler than present day (Hu et al., 2001). Colder summers might 
have been responsible for peat initiation on the tussock tundra.  
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Since net peat accumulation is determined by the balance between the production 
and decomposition of organic matter (Wieder & Vitt, 2006), and the process of 
decomposition is controlled by litter carbon quality and temperature (Clymo, 1984; 
Hobbie, 1996), the cool LIA conditions would have had large impacts on the ability 
of peat to accumulate. In low temperature environments, decomposition rates are 
suppressed, therefore increasing the possibility for organic matter preservation and 
peat accumulation, despite the low plant productivity in a cold climate. Furthermore, 
the cold climate during the LIA reduced evapotranspiration, increased soil moisture, 
and further decreased decomposition rates, which allowed for the development of 
sedge peat on the landscape.  
 Observation of initial sedge peat accumulation at UIC during the cold LIA 
suggests that preservation of initial organic matter via reduced decomposition 
rates−which were driven by a cold climate and wet soil moisture conditions−is more 
important, perhaps, than high production for initial peat buildup. Regardless of the 
rates of litter and organic matter production, if decay rates are very low, small 
amounts of peat may be preserved over time. Once the initial peat forms, it would 
self-maintain through ecohydrological feedbacks to promote environmental 
conditions favorable to further peat accumulation, such as cooler and wetter 
conditions. When peat patches on the landscape grow larger, they may eventually 
coalesce to form a peatland. These results provide rare and important insight into a 
possible pathway for the process of initial peatland formation. That is, the 
preservation of limited organic matter production is essential for the initial buildup of 
peat.  
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5.2 Sphagnum Onset in the Last Century 
The formation of the Sphagnum peat occurred as patches at various times on the 
tundra landscape at the UIC study site. The earliest onset occurred at coring site 
UIC13-5, near the ridge top, in 1822 AD. Subsequently, Sphagnum patches propagate 
individually across the site in a general downslope direction over the next 170 years, 
with the most recent establishment in 1983 AD at site UIC13-6, near the floodplain. 
On average, Sphagnum initiates at UIC in 1928 AD (Table 3). Sphagnum peat 
initiated on the upper portion of the hillslope earlier, on average around 1886 AD, and 
later on the lower portion, at approximately 1969 AD (Figures 8 & 9).  
The Sphagnum peat at the KRP peatland develops differently from on the tundra 
at UIC, initially occurring much earlier on the landscape at site KRP13-2 (3350 cal yr 
BP). However, soon after Sphagnum mosses colonize the site, it disappears from the 
KRP13-2 record. This gap of Sphagnum also corresponds with a higher mineral 
content, low peat accumulation rates, and high UOM, likely representing a sediment 
hiatus. This hiatus could be partly due to rapid hydrologic change of a nearby stream 
or regional climate change. Subsequent to this hiatus, peat re-initiates at the site 
around 1300 cal yr BP, and the modern Sphagnum peat established at this site 
afterwards. At the other three KRP cores, Sphagnum developed later, with the earliest 
establishment at site KRP13-5 (1807 AD) and the most recent at site KRP13-1 (1979 
AD). On average, Sphagnum onset in these cores occurred in 1878 AD.  
The onset of Sphagnum peat at the UIC site likely occurred due to allogenic 
climate-induced changes. Northern high-latitude regions have experienced climatic 
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changes during the last century, leading to widespread landscape and ecosystem 
changes. Specifically, rapid warming since the late 1800s has been documented in the 
Arctic (Kaufman et al., 2009; IPCC, 2013), and the mean annual temperature for 
Alaska during the 20th century has been increasing since 1977 (Alaska Climate 
Center, 2013). These warming events combined with the process of 
ombrotrophication (i.e., Sphagnum onset), which removed the influence of mineral-
rich surface and ground water, changed site conditions at UIC, which allowed for 
Sphagnum to establish. As warming occurred, permafrost started thawing, which 
leads to active layer thickening. These conditions promote a drier growing season, 
especially in the late summer, therefore facilitating Sphagnum colonization and 
sustained growth. Similar local environmental changes and Sphagnum growth have 
been hypothesized in a subarctic peatland in south central Alaska (Loisel & Yu, 
2013). Through these allogenic changes, Sphagnum was able to colonize at UIC over 
the past century, which decreased overall litter quality and reduced decomposition, 
ultimately sustaining peat accumulation through positive feedbacks.  
The ability of Sphagnum mosses to alter and enhance their surrounding 
environments makes them a unique and competitive species. Certain properties of 
Sphagnum increase their fitness and promote peat formation, including their 
organomineral composition, hyaline cells, pendent branches, high nutrient retention, 
resistance to decay, and their ability to acidify their environment via cation exchange 
(Clymo & Hayward, 1982; Rydin & Jeglum, 2006; van Breeman, 1995). Of these 
properties, the ability to acidify the surrounding environment is particularly 
important. Through cation exchange on the Sphagnum cell walls, hydrogen ions are 
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released, which generates an acidic and anoxic environment, inhibiting plant and 
microbial growth (Clymo, 1963; Craigie & Maass, 1966; Spearing, 1972; Clymo & 
Hayward, 1982; van Breeman, 1995). Ultimately, Sphagnum mosses create a habitat 
in which few other plants can survive, and therefore promote their own success and 
further growth. This positive feedback then allows Sphagnum to become dominant in 
that environment.  
 The initiation of Sphagnum peat on the tussock tundra represents an important 
transformation on the landscape. Once tundra at UIC experienced longer, warmer, 
and drier growing seasons due to changes in permafrost and active layer thickness, 
the first onset of Sphagnum peat was able to occur (1822 AD). These patches have 
now expanded across the site individually over the last century and have large 
implications on the regional carbon cycle, as discussed in Section 5.4 below. 
  
5.3 Long-Term Perspective on Shrub Expansion 
 While shrub expansion on tussock tundra across the North Slope has been well 
documented in recent decades, there is still a lack of a long-term perspective on this 
most visible ecological change in the Arctic. Fossil pollen results document the long-
term changes in vegetation on the tussock tundra, and specifically the presence and 
changes of shrubs on the landscape (Figure 13A). Pollen analysis of core UIC13-3 
shows that the area was initially dominated by sedge (up to 84%). These results are 
consistent with findings from macrofossil analysis. This dominance occurred during 
the cool and wet LIA and lasted until the early 1800s. Subsequent to this, birch pollen 
(Betula spp.) at the site begins to increase in 1808 AD and becomes dominant (up to 
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75%). This increase in birch pollen represents the first phase of shrub expansion at 
the site. This increase in birches likely documents a local scale change, as it 
corresponds with the drying condition and the onset of Sphagnum peat at site UIC13-
3. However, it should also reflect the corresponding change in vegetation of 
surrounding tundra landscape, as pollen grains tend to disperse to areas much larger 
than individual Sphagnum patches. Birch pollen continues to be dominant at the site 
through the late 1990s. In 2001 AD, a second shift in shrub pollen abundances occurs, 
and willow pollen (Salix spp.) becomes dominant. In the last two decades, shrub 
willows have represented between 12% and up to 62% of the pollen assemblage. This 
shift in the pollen record likely also represents a more local change in vegetation, as 
willow shrubs in this region are often found in the floodplain (Huryn & Hobbie, 
2012). Also, willows can be insect-pollinated, with limited pollen production, so even 
low abundances of willow pollen could represent large changes in willow shrub 
abundances on the landscape. In addition to changes in willow shrub pollen, alder 
pollen (Alnus spp.) and spruce pollen (Picea spp.) begin to increase at the same time 
and represent up to 20% and up to 35% of the total pollen, respectively. Likely, this 
spruce pollen was from long-distance transport from south of the Brooks Range, as 
spruce trees were not observed in the study region. This increase suggests that the 
spruce trees either became closer to the study site over this time, or there was a 
change in the prevailing wind direction, favoring the transport of these pollen grains. 
Pollen analysis from the KRP peatland further supports these findings and documents 
these same or similar sequences of changes in shrub pollen abundances (Figure 13B). 
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The changes documented in the pollen record can provide valuable insight into how 
shrubs abundances and expansions have changed over the last two centuries.  
 While long-term observational records of shrub expansion are lacking, several 
palynological studies similar to mine have been carried out in this region (Eisner, 
1991; Mann et al., 2002; Oswald et al. 2003). Eisner (1991) documents similar pollen 
changes in a core near the Imnavait Creek, with dominant pollen types including 
Betula, Alnus, and Cyperaceae. Furthermore, Eisner also documents the presence of 
Picea in the region. However, this record cannot be directly compared to mine, as 
Eisner shows changes in pollen abundances for the entire Holocene at a very low 
resolution. The two most recent pollen samples in the analysis document changes 
over approximately the last 2,000 years, and therefore do not provide enough time 
resolution for comparison. Mann et al. (2002) also documents similar species 
dominance as shown in my record, including Betula, Alnus, and Cyperaceae pollen 
types. However, this record also documents changes at a much coarser time 
resolution. Finally, Oswald et al. (2003) also records Cyperaceae, Betula, Alnus, and 
Salix as dominant pollen types. However, their record lacks dating resolution over the 
last 1,000 years. While these studies lack sufficient sampling resolution and adequate 
age controls for the recent periods, they provide supporting evidence for the existence 
of different shrubs across the tussock tundra before the 1950s. Furthermore, my new 
data provides a more detailed long-term history of shrubs on the landscape.  
In addition to a long-term perspective on shrub expansion, my record provides 
support for the recent observations of shrub expansion on the North Slope from peat-
core based paleoecological data. In the last two decades, two shrub expansions 
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occurred at UIC, with a dominance of Salix spp. (12-62%) and an increase in Alnus 
spp. (up to 20%). These changes are consistent with findings in recent shrub 
expansion studies in Arctic Alaska. In particular, alder, willow, and dwarf birch have 
been documented as increasing since the 1950s, and especially on hillslopes and 
valley bottoms (Tape et al., 2006). These increases in shrub abundance across the 
Alaskan tundra represent an important change and the potential for feedbacks to 
climate change. With increases in shrub abundances, albedo decreases, therefore 
increasing the amount of solar radiation absorbed (Eugster et al., 2000). This 
increased radiation absorption and heating creates a positive feedback, increasing 
regional warming and causing further vegetation changes (Chapin et al., 2005). 
Similarly, increased shrubs would trap more snow trap in winter, leading to increased 
soil insulation and higher winter soil temperatures. This increases rates of nutrient 
mineralization, further favoring shrub growth and expansion (Sturm et al., 2005). 
Alnus shrubs may have larger impacts on soil nutrient status. Alnus can fix 
atmospheric N2 due to their symbiotic relationship with actinomycetes in the genus 
Frankia, and therefore make nitrogen available in the ecosystem and increase 
ecosystem productivity (Hu et al., 2001). The addition of N to these ecosystems can 
promote shrub dominance on the landscape, but may alter soil C pools (Chapin et al., 
2005). The potential increase in C release due to shrub expansion documents the 
complex dynamics of shrubs and the need for further study. Overall, this increased 
abundance in shrubs across the study sites and the North Slope provide continued 
support for climate-induced vegetation changes in the Arctic and could have larger 
implications for regional climate and ecological changes. Continued expansion of 
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shrubs on the landscape could have large impacts on carbon and nitrogen cycling, as 
well as other processes, and therefore merit further monitoring and study in the 
future.  
 
5.4 Rapid and Sustained Carbon Accumulation in Recent Decades 
The Arctic tundra biome is important in the global C budget and climate change, 
and understanding the role of the region as either a sink or a source of atmospheric C 
could help to better clarify the importance of places like the North Slope in the global 
C budget. The C accumulation rates at the UIC tundra site have increased greatly 
since the inception of Sphagnum (Figure 15). Accumulation rates in the sedge peat 
intervals were relatively low, at 20 ± 16 (S.D.) gC/m2/yr on average. During the 
Sphagnum peat interval, accumulation rates showed a four-fold increase to 80 ± 33 
(S.D.) gC/m2/yr on average (Table 3). Similar changes in C accumulation have been 
seen at the KRP peatland, where C accumulation rates increased ten fold with the 
onset of Sphagnum at the site. In the last two decades, C accumulation at these 
Sphagnum patches on the UIC tussock tundra has become even more rapid, up to 170 
gC/m2/yr. These changes can likely be attributed to the observed accelerated Arctic 
warming that has occurred in recent decades (Figure 16), as has been argued at a 
peatland site in southern Alaska (Loisel & Yu, 2013). With the presence of Sphagnum 
peat, rapid C accumulation persists, and currently the Sphagnum patches on the 
landscape are acting as C sinks from the atmosphere. It is important to note that with 
time, the Sphagnum peat at UIC will begin to decompose more, and therefore release 
some of the C stored within. However, even with decomposition, C rate results from 
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the Sphagnum peat portion of these cores will still be much higher than those within 
the sedge peat portion or lower Sphagnum portion.  
 Contemporary C flux measurements in this region have been conducted to better 
understand how C cycles through the tundra and what the overall impact of the tundra 
is on the C budget of this high-latitude region. These previous studies have indicated 
that this tundra region has overall acted as a net source of C to the atmosphere. 
Euskirchen et al. (2013) conducted a C flux study of the Imnavait Creek watershed 
over a 4-year period from 2007 to 2011. During this time, they documented the net 
uptake of C during the growing season (June - August) of between 51 and 95 gC/m2. 
However, during the snow-covered season (September - May), there was a net release 
of C between 61 and 145 gC/m2. Overall, the site acts as a net source of C to the 
atmosphere, and can release anywhere between 2 and 81 gC/m2 annually. Other 
studies of the tussock tundra in this region document similar findings, with an overall 
net C loss annually (Oechel et al., 1993; Oechel et al., 1997; Gorgan & Chapin, 
1999). Estimates of C release vary between studies, partly due to variations in 
measurement methods, but have been as much as 156 gC/m2/yr and 250 gC/m2 by 
Oechel et al. (1993) and Gorgan & Chapin (1999), respectively. These flux studies 
have attempted to quantify the uptake and release of C on the tundra over time. The 
region is dominated by the long winter season, and as a result respiratory C release 
during non-growing season. The great amount of C release during the winters has 
lead to the conclusion that the region has been acting as a net source of C to the 
atmosphere.  
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While these previous flux studies have indicated the tussock tundra in Arctic 
Alaska is likely acting as a net source of C to the atmosphere, my findings show that 
the Sphagnum patches on the tussock tundra have been accumulating significant 
amounts of C since their inception. Furthermore, with increased warming in recent 
decades, the accumulation has increased rapidly, with up to 170 gC/m2/yr being 
accumulated in some places. If Sphagnum patches continue to expand on the tussock 
tundra of the North Slope in the future, these peat patches could ultimately change the 
North Slope as a whole to a net C sink from the atmosphere. This would have 
significant implications for the regional and even global C budget. As a result, 
Sphagnum growth on tundra in the Arctic may serve as a negative feedback to global 
warming.  
 
6. Conclusions and Implication  
1 The macrofossil and loss-on-ignition results from tundra peat cores at Upper Imnavait 
Creek (UIC) show a consistent sequence of organic soil development from mineral-
rich deposit, through highly humified minerotrophic sedge peat, to an ombrotrophic 
Sphagnum peat. Sedge peat initiation occurred at UIC around 440 cal yr BP on 
average, largely during the cold Little Ice Age (LIA), suggesting the importance of 
preservation of organic matter during initial peat buildup at this hillslope.  
2 The onset of Sphagnum peat on the tussock-tundra landscape occurred during the last 
century. This ombrotrophication was likely in response to a warming climate and 
resultant permafrost thaw and active layer thickening, ultimately creating drying 
conditions at the site.  
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3 During the LIA, the regional vegetation was dominated by sedges (up to 84%), as 
evidenced by the fossil pollen record. Subsequently, two main phases of shrub 
expansion occurred. Initially it was characterized by a dominance of Betula nana (up 
to 75%) since 1800 AD until the early 2000s AD. In the last two decades, the second 
phase of shrub expansion occurred with a dominance of Salix spp. (12-62%) and an 
increase in Alnus spp. (up to 20%).  
4 Since the 1850s, after Sphagnum peat initiation, a doubling of carbon accumulation 
has occurred at the UIC site. On average, Sphagnum peat has an accumulation rate of 
80 ± 33 (S.D.) gC/m2/yr. In the last two decades, carbon accumulation shows a 
dramatic increase to more than 140 gC/m2/yr, which coincides with the increase in 
Picea and Salix pollen in the region. Similar changes have also been seen at the KRP 
peatland site, suggesting a widespread ecosystem response likely to the recent 
accelerated Arctic warming. 
5 Previous studies have indicated that North Slope tussock tundra is a net source of 
carbon to the atmosphere (Euskirchen et al., 2012). However, Sphagnum patches on 
the tussock tundra have rapidly accumulated carbon recently. If Sphagnum patches 
continue to expand in the future, the North Slope as a whole could become a net 
carbon sink, having a significant implication on the regional and global carbon 
budget.  	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Table 1: Information of peat soil cores from Upper Imnavait Creek (UIC) tussock tundra 
and Kuparuk River Peatland (KRP) sites on the North Slope, Alaska  
 
Core ID Latitude (°N) Longitude (°W) Elevation 
(m above sea 
level) 
Core 
Length 
(cm) 
UIC13-1 68°36'02.4" 
 
149°18'18" 
 
908 44.3 
UIC13-2 68°36'02.6" 
 
149°18'18.3" 
 
908 25 
 
UIC13-3 68°36'01.7" 
 
149°18'15.1" 
 
916 24 
UIC13-4 68°36'00.7" 
 
149°18'01.9" 
 
927 26 
UIC13-5 68°36'00.2" 
 
149°17'44.2" 
 
950 26 
UIC13-6 68°36'03.1" 149°18'25.1" 906 29 
KRP13-1 68°57'34.8" 
 
149°40'34.8" 
 
417 35 
KRP13-2 68°57'22.8" 149°40'23.5" 403 52 
KRP13-3 68°57'22.2" 149°40'14.7" 
 
427 31 
KRP13-4 68°57'29.5" 
 
149°39'58.7" 
 
422 31 
KRP13-5 68°57'29.6" 149°39'58.5" 
 
423 32 
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Table 2: AMS radiocarbon (14C) dating results from peat cores on the North Slope, 
Alaska.  
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Table 3: Summary of ages and carbon accumulation results from tundra and peatland 
sites on the North Slope, Alaska.  
 
Core ID Basal Peat 
Age (cal yr 
BP) 
Modern 
Sphagnum 
Peat 
Establishment 
(year AD) 
Overall C 
Rate* 
(gC/m2./yr) 
Sphagnum 
Peat C Rate* 
(gC/m2./yr) 
Sedge Peat 
C Rate* 
(gC/m2./yr) 
Cumulative 
Soil Carbon 
Storage of 
Peat 
(kgC/m2)  
UIC13-1 N/A 1957.9 17.7 65.5 N/A 16.9 
UIC13-2 385 1967.6 22.9 76.5 16.8 32.8 
UIC13-3 700 1852 12.7 48.4 4.8 10.3 
UIC13-4 530 1968 19.0 114.6 114.6 14.2 
UIC13-5 135 1822 47.6 47.6 47.6 9.4 
UIC13-6 450 1982.9 27.5 125.4 21.4 16.3 
 
UIC 
Mean ± 
S.D. 
440 ± 207 
(n=5) 
1927.8 ± 67 
(n=6) 
 
 
24.7 ± 12 
(n=6) 
79.7 ± 33 
(n=6) 
 
20.4 ± 16 
(n=5) 
 
16.7 
(n=6) 
KRP13-
1 
620 1979 28.6 239.7 17.5 19.5 
KRP13-
2 
1300 703 11.1 11.1 7.7 15.2 
KRP13-
3 
1195 1848 N/A N/A N/A N/A 
KRP13-
5 
1170 1807 N/A N/A N/A N/A 
KRP 
Mean ± 
S.D. 
1071± 306  
(n=4) 
1878 ± 90 
(n=3) 
 
19.8 ± 13  
(n=2) 
 
125.5 ± 162 
(n=2) 
 
12.7 ± 7 
(n=2) 
 
17.4 
(n=2) 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
* All values listed for carbon accumulation rates are time-weighted calculations. 
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Figure 1: Maps and photos of study region and sites in northern Alaska.  A. The North 
Slope of Alaska, located north of the Brooks Mountain Range. Red box shows study sites 
located in the Foothills region. B. Locations of two study sites: Upper Imnavait Creek 
(UIC) located ~12 km from Toolik Lake (Toolik Field Station), and Kuparuk River 
Peatland (KRP) located ~40 km north of these sites. C. The Long-Term Ecological 
Research (LTER) study region, including Toolik Lake and UIC (outlined in red). D. UIC 
study site with red dots marking the six coring sites at elevation from 905 m to 960 m 
a.s.l. E. KRP study site showing the locations of five cores (red dots). F. Photograph 
looking up the hillslope from the floodplain at UIC site. G. Aerial photograph of the KRP 
site.  	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Figure 2: Climate data from study region. A. Instrumental temperature record for the 
North Slope from gridded CRUTEM data compiled from four grid cells across the North 
Slope for the period 1903-2012. B. Precipitation data from the Toolik Lake LTER Site 
for the period 1989-2008 and temperature and rainfall data from the Kuparuk River Basin 
for the period 1989-2010.  	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Figure 3: Positions of peat soil cores on a hillslope from the floodplain to the ridge top at 
the Upper Imnavait Creek, Alaska. Cores UIC13-6, UIC13-1, and UIC13-2 are from the 
lower slope, and cores UIC13-3, UIC13-4, and UIC13-5 are from the upper slope.   
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Figure 4: Core photos from A. the Upper Imnavait Creek, and B. the Kuparuk River 
Peatland.  	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Figure 5: Peat properties and isotope composition. Organic matter content, dry bulk 
density, and ash-free bulk density were derived from LOI analysis, while carbon and 
nitrogen concentrations and isotope results are only available from cores UIC13-1 and 
UIC13-3.  
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Figure 6: Organic matter content, dry bulk density, and ash-free bulk density results 
derived from LOI analysis for cores KRP13-1, KRP13-2, and KRP13-4.  	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Figure 7: Box plots of ages of peat initiation and Sphagnum onset at Upper Imnavait 
Creek and Kuparuk River Peatland.  
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Figure 8: Sphagnum onset ages with 2σ calibration range at core sites along the hillslope 
at Upper Imnavait Creek, Alaska. 	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Figure 9: Schematic showing the ages of peat initiation and Sphagnum peat onset from 
tundra peat soil cores at Upper Imnavait Creek.  	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Figure 10: Age-depth model for core UIC13-3 from Upper Imnavait Creek tundra site. 
Age model of the core was controlled by 6 calibrated AMS 14C dates using the Clam 2.2 
program (Blaauw, 2010).  	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Figure 11: Age-depth model for core KRP13-2. Chronology of the core was controlled 
by 13 calibrated AMS 14C dates using the program Clam 2.2 (Blaauw, 2010). The very 
low accumulation rate at 29.5-22.5 cm and possibly 24.5-22.5 cm as indicated by two 
bracket dates 2,500 and 1,300 cal years BP likely suggests a hiatus.  	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Figure 12: Plant macrofossil diagram for cores UIC13-1, UIC13-2, UIC13-3, and 
KRP13-2. Ages for zone boundaries were indicated on the left.  	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Figure 13: Fossil pollen diagrams for cores UIC13-3 and KRP13-2. Ages for zone 
boundaries were indicated on the left. 	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Figure 14: Carbon (δ13C) and nitrogen (δ15N) isotope data from core UIC13-3 are plotted 
as black dots connected with a line. A line of best fit was plotted for the UIC13-3 data 
with an R2 value of 0.92. Values from the LTER data (Hobbie et al., 2009) are averages 
from multiple sites and are plotted as points with error bars. Various colors represent 
different vegetation types 	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Figure 15: Carbon accumulation rates for core UIC13-3 for A. between dated intervals 
and for B. every 1-cm sample of the core. Carbon accumulation rates for core KRP13-2 
for C. between dated intervals and D. for every 1-cm sample of the core. Apparent carbon 
accumulation rates of each core are shown as time-weighted rates for the dated intervals 
and the entire core (red vertical dashed line). 	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Figure 16: Summary diagram of core UIC13-3 from Upper Imnavait Creek tundra site. 
A. Entire core, and B. Close up for the period 1800-2013 AD. Arctic temperature 
anomaly reconstruction from Kaufman et al. (2009), and instrumental climate data from 
gridded CRUTEM data as shown in Figure 2A. 	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APPENDICES 
 
Appendix 1: Stable isotope ratios and elemental concentrations of carbon and nitrogen 
derived from bulk peat samples at cores UIC13-1 and UIC13-3. Delta values and 
amounts of carbon and nitrogen as well as the carbon to nitrogen mass ratio are reported.  
 
Core ID Depth (cm) δ13C (‰) δ15N (‰) C (%) N (%) C:N Mass Ratio 
UIC13-1       
 1-2 -30.5 -2.4 43.2 1.2 35.6 
 2-3 -29.9 -2.2 42.7 1.2 37.1 
 3-4 -29.5 -1.6 43.6 1.1 40.3 
 4-5 -29.2 -0.9 42.5 1.1 39.6 
 5-6 -29.3 -0.7 43.9 1.0 44.2 
 6-7 -29.3 -0.6 43.3 1.2 35.5 
 7-8 -28.9 0.5 45.1 1.3 34.4 
 8-9 -29.2 -0.4 44.9 1.2 38.6 
 9-10 -29.2 0.8 42.4 1.1 37.9 
 10-11 -28.2 1.1 45.3 1.4 31.2 
 11-12 -26.0 2.8 45.0 0.9 47.4 
 12-13 -25.5 3.9 45.7 0.9 49.3 
 13-14 -26.5 3.1 45.5 1.6 28.6 
 14-15 -26.2 3.1 45.3 1.3 34.4 
 15-16 -25.6 3.9 45.9 1.3 36.2 
 16-17 -26.6 3.3 43.9 1.7 25.2 
 17-18 -26.7 3.0 43.3 2.2 20.0 
 18-19 -26.2 3.4 45.0 1.7 26.0 
 19-20 -27.3 2.6 41.3 2.3 18.3 
 20-21 -25.8 4.1 38.9 2.1 18.4 
 21-22 -25.2 4.7 39.6 2.1 18.9 
 22-23 -25.3 4.6 35.1 2.0 17.3 
 23-24 -26.1 3.7 31.9 2.1 15.0 
 24-25 -25.7 4.4 33.1 2.1 16.0 
 25-26 -25.4 4.2 32.9 2.2 15.2 
 26-27 -26.0 4.0 32.4 2.0 16.4 
 28.8-30.5 -26.9 3.4 11.4 0.7 16.8 
 30.5-31.2 -28.0 1.4 3.6 0.2 19.1 
 31.2-33.3 -28.3 -0.7 3.7 0.2 19.4 
 33.3-34.7 -27.4 1.3 5.8 0.3 16.7 
 34.7-35.2 -27.9 1.7 4.6 0.3 18.3 
 35.2-36.3 -28.1 -0.3 3.4 0.2 18.6 
 36.3-37.1 -28.0 3.5 3.7 0.2 16.8 
 37.1-38.6 -28.3 0.7 3.3 0.2 18.6 
 38.6-39.4 -28.2 2.4 3.0 0.2 18.1 
 39.4-40.2 -28.2 2.4 3.3 0.2 19.0 
 40.2-41.9 -27.3 3.5 4.9 0.3 17.2 
 41.9-42.5 -25.8 3.3 15.7 0.9 16.7 
 42.5-44.3 -26.4 4.2 12.6 0.7 17.2 
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UIC13-3       
 0-1 -29.1 -3.7 44.8 1.1 40.2 
 1-2 -28.6 -2.7 43.4 0.8 51.6 
 2-3 -28.7 -1.1 44.1 0.8 55.1 
 3-4 -29.0 -2.2 43.9 0.7 62.2 
 4-5 -29.3 -1.1 43.7 0.7 63.8 
 5-6 -28.7 -1.7 45.9 1.0 44.3 
 6-7 -28.8 -1.2 43.8 0.8 53.8 
 7-8 -28.7 -2.2 44.8 1.0 43.0 
 8-9 -28.5 -1.3 45.3 1.1 42.6 
 9-10 -28.4 -1.4 44.8 1.0 45.3 
 10-11 -28.4 -0.7 43.7 0.9 47.5 
 11-12 -28.0 -0.9 46.5 1.1 42.1 
 12-13 -27.9 -0.1 43.9 0.9 49.7 
 13-14 -27.8 0.0 44.4 1.3 34.7 
 14-15 -27.6 0.6 44.0 1.3 35.0 
 15-16 -27.4 0.8 44.4 1.6 28.3 
 16-17 -27.0 0.9 44.9 1.7 25.8 
 17-18 -27.0 1.0 44.6 2.1 21.4 
 18-19 -26.7 1.2 45.2 2.1 21.4 
 18-20 -26.0 2.1 39.9 2.1 19.0 
 20-21 -25.2 3.9 41.3 2.2 18.6 
 21-22 -25.4 3.2 41.6 2.3 17.8 
 22-23 -25.1 4.0 32.1 2.0 16.5 
 23-24 -26.0 3.6 12.8 0.9 14.7 
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Appendix 2: Pb-210 and Cs-137 dating results for core UIC13-1. Pb-210 dates appear to 
be much younger than 14C dates, likely due to the fact that both lead and cesium may be 
mobile downcore. Therefore, 14C dates are more precise and accurate and are used in our 
primary results.  The Pb-210 ages were determined using the Constant Rate of Supply 
(CRS) model. 
 
 
 
Core ID Depth 
(cm) 
Pb-210 
(Bq/g)  
Cs-137 
(Bq/g) 
CRS Modeled Ages 
(AD) 
Bomb 14C Dates 
(AD) 
UIC13-1      
 2-3 0.279 0.069 2008.5  
 4-5 0.307 0.085 2004.7  
 6-7 0.310 0.100 1999.0  
 8-9 0.314 0.091 1993.5  
 10-11 0.267 0.131 1984.3 1994 
 12-13 0.026 0.032 1975.2 1958†  
 14-15 0.105 0.144 1972.6  
 16-17 0.103 0.169 1965.7  
 18-19 0.091 0.132 1954.8  
 20-21 0.121 0.077 1935.8  
 22-23 0.024 0.031 1890.3  
 24-25 0.023 0.013 1863.4  
 
 
 
 
 
 
 
 
 
 
 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
† 14C Date from sample 11-12cm 
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